In vitro lipophilicity of a scries of benzodiazepines was evaluated by octanol: buffer partition ratio at physiological pH, and by retention time on a reverse-phase high-pressure liquid chromatographic (HPLQ system with a neutral-pH mobile phase. Both approaches ranked diazepam as highly lipophilic, but overall the two indices were poorly correlated (r = 0.23). For seven of the benzodiazepines, the in vivo volume of distribution (Vd) was determined in pharmacokinetic studies. After correction for individual values of protein binding, Vd for unbound drug was significantly correlated with octanol: buffer partition ratio (r=0.74), and to a greater extent with HPLC retention (r=0.81). Thus, lipid solubility at least partly determines the extent of benzodiazepine distribution in vivo, which in turn is a major determinant of the duration of clinical action after single doses i.v.
Benzodiazepine derivatives are a class of basic lipophilic sedative-anxiolytics used extensively in clinical practice (Greenblatt and Shader, 1974a, b) . However, despite the neuropharmacological similarity among these various drugs, they differ considerably from each other in their pharmacokinetic properties of absorption, distribution and elimination by the living organism (Breimer, Jochemsen and von Albert, 1980; Greenblatt, Shader et al., 1981; Greenblatt et al., 1982; Greenblatt et al., 1983a) . These pharmacokinetic differences may account for some of the dissimilarities among the various drugs in clinical practice. Relative lipophilicity may be an important property which distinguishes between the drugs, since the duration of action of single doses of any benzodiazepine derivative is probably related to the rate and extent of drug distribution (Arendt et al., 1983) . Accordingly, there is interest in laboratory approaches to quantitating the lipid solubility of benzodiazepines.
Traditionally, partition ratios have been used as indices of the lipophilicity of various chemicals. The partitioning ratio between an aqueous medium and a suitably chosen organic solvent has received much attention in this context (Leo, Hansch and Elkins, 1971; Wells, Clark and Patterson, 1981; Hammers, Meurs and deLigny, 1982) . A second approach utilizes the retention or partitioning characteristics of a compound in a chromatographic system (Hulshoff and Perrin; Mirrlees et al., 1976; Butte et al., 1981; Wells, Clark and Patterson 1981; Hammers, Meurs and deLigny, 1982) . Reverse-phase high-pressure liquid chromatography (HPLC) is extensively utilized to separate and quantitate drugs in biological fluids, since retention in such a system appears to depend in part on polarity. The present study evaluated partitioning ratios and HPLC retention as possible approaches to quantitating benzodiazepine lipophilicity. The relation of these in vitro indices of lipid solubility to drug distribution in vivo was evaluated also.
METHODS

In vitro methods
For the benzodiazepine derivatives listed in table I, partition ratios were determined between aqueous buffer at pH 7.4 unit and N-octanol. Tracer amounts of 14 C-or 3 H-benzodiazepines were added to the buffer solution, which was then shaken with an equal volume of N-octanol. The phases were allowed to separate, and the equilibrium partition ratio was determined by liquid scintillation counting of aliquots of organic and aqueous phases.
Chromatographic retention of the benzodiazepines listed in table II was determined at room temperature using a 30-cm reverse-phase microBondapack C-18 stainless steel column (Waters Associates, Milford, Ma, U.S.A.), containing a stationary phase of octadecyl silane-bonded silica, coated 12% with carbon and fully end-capped with trimethyl silane to remove free hydroxyl groups. The mobile phase consisted of methanol:acetonitrile:sodium acetate 0.001 mollitre" 1 (25:25:50) at neutral pH. The flow rate was 1.5 ml min" 1 . Methanolic solutions of each benzodiazepine were sequentially injected using a WISP automatic sampler (Waters Associates), and column effluent was monitored using a Model 440 ultraviolet detector (Waters Associates) operated at 254 nm.
In vivo methods
In vivo volume of distribution of seven benzodiazepines (table III) was determined in a series of healthy male volunteers aged less than 40 yr who were within 10% of ideal body weight. All drugs had values of hepatic clearance much less than hepatic blood flow, with predicted extraction ratios of less than 5%. Single doses of each benzodiazepine were administered as described in detail previously, and the volume of distribution determined by standard model-independent methods (Greenblatt et al., 1979; Greenblatt, Allen et al., 1980; Greenblatt, Divoll et al., 1980 , 1981 Divoll et al., 1981; Shader et al., 1981; Divoll and Greenblatt, 1982) . For drugs that required administration by the oral route, 100% systemic availability of the oral dose was assumed. For each compound the extent of drug binding to plasma protein was determined by equilibrium dialysis, (Moschitto and Greenblatt, 1983) and each value of volume of distribution was corrected by that individual's value of free fraction, yielding unbound volume of distribution. Values used in subsequent analysis represent the mean for at least eight healthy young male volunteers.
RESULTS
Tables I and II show in vitro estimates of lipophilicity using octanol:buffer partition ratio and HPLC retention. Among the 10 benzodiazepines studied in both systems, the two measures of lipid solubility were poorly correlated (r=0.23). However, both approaches ranked diazepam at or near the top of the list of the most lipophilic benzodiazepines.
In vivo unbound volume of distribution for the seven benzodiazepines studied in humans was significantly correlated with octanol:buffer partition ratio ( fig. 1) and to an even greater extent with HPLC retention (fig. 2) , although neither in vitro index completely explained the variability of the in vivo volume of distribution. It is important to note that the volume of distribution of total (free plus bound) drug was not significantly correlated with either index of lipid solubility (r=0.02 and 0.25, respectively), indicating that the volume of distribution of unbound drug is a far more reliable indicator of the actual extent of drug distribution than is the volume of distribution for the total drug. DISCUSSION The two indices of in vitro lipid solubility demonstrated considerable variability among various benzodiazepines in their characteristics of lipophilicity. The two indices were poorly correlated with each other, suggesting that they were quantitating different in vitro physicochemical properties. However, both methods ranked diazepam as a highly lipophilic benzodiazepine.
Both in vitro measures of lipophilicity were significantly correlated with human in vivo pharmacokinetic volumes of distribution for unbound drug, which also differed greatly among the various benzodiazepines studied. Diazepam, being a highly lipophilic benzodiazepine in vitro, also had the largest extent of distribution in vivo. However, correction of in vivo distribution volumes for differences in free fraction for the various compounds (Moschitto and Greenblatt, 1983 ) was essential to obtain a realistic estimate of in vivo distribution. Since only the unbound drug is available for distribution out of the vascular system to sites of peripheral distribution, volume of distribution of unbound drug more closely reflects the extent of in vivo distribution than does total drug (Greenblatt, Sellers and Koch-Weser, 1982) .
The in vivo distribution of benzodiazepines in living organisms is presumed to occur mainly by passive diffusion. For very lipophilic benzodiazepines such as diazepam and desmethyldiazepam, factors which increase the proportion of adipose tissue relative to total body weight (such as old age, female sex, and obesity) disproportionately increase the in vivo volume of distribution (Greenblatt, Allen et al., 1980; Abernethy et al., 1981 Abernethy et al., , 1982 . For less lipophilic benzodiazepines such as oxazepam and lorazepam, this is not the case (Greenblatt, 1981) . In any event, the two in vitro indices of lipid solubility evaluated in the present study accounted for a significant proportion of variation of in vivo distribution among the various benzodiazepines, with HPLC retention explaining more variance than octanol:buffer partition ratio. In an experimental study of benzodiazepine distribution (Arendt et al., 1983) , HPLC retention was highly correlated (r= 0.91) with in vivo unbound volume of distribution for eight benzodiazepines, but octanol:buffer partition ratio was not (r= 0.23 = 0,23) . Se determine in vivo el volumcn de distribution, mediante cstudios farmacotin£ticos, de tiete de las benzodiazepinas. Despues de efectuar las correcciones neccsarias para los valores individualcs de la nntrin de protcinas, el volumen V correspondiente a la droga sin unir present6 una correlation signifirativa con la razon de partici6n de octanol: separador (r = 0,74) y en un mayor grado con la retencion del sistema cromatografico arriba mencionado (r = 0,81). Asi pues, la solubilidad de los lipidos determina, al menos en porte, el grado de distribud6n in vivo de la benzodiazepina, que, a su vez, es un importante factor determinante de la duracion de la actividad clinica despues de dosis intravenosas unkas.
